Modern imaging techniques are able to generate highresolution multimodal angiographic scans. The analysis of vasculature using numerous 2D tomographic images is time consuming and tedious, while 3D modeling and visualization enable presentation of the vasculature in a more convenient and intuitive way. This calls for development of interactive tools facilitating processing of angiographic scans and enabling creation, editing, and manipulation of 3D vascular models. Our objective is to develop a vascular editor (VE) which provides a suitable environment for experts to create and manipulate 3D vascular models correlated with surrounding anatomy. The architecture, functionality, and user interface of the VE are presented. The VE includes numerous interactive tools for building a vascular model from multimodal angiographic scans, editing, labeling, and manipulation of the resulting 3D model. It also provides comprehensive tools for vessel visualization, correlation of 2D and 3D representations, and tracing of small vessels of subpixel size. Education, research, and clinical applications of the VE are discussed, including the atlas of cerebral vasculature. To our best knowledge, there are no other systems offering similar functionality as the VE does.
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KEY WORDS: Vasculature, vascular editor, vascular model, cerebrovasculature, angiography, 3D imaging (imaging, three-dimensional), brain imaging, computer version BACKGROUND M odern diagnostic imaging enables acquisition of angiography data such as magnetic resonance angiography (MRA), computed tomography angiography (CTA), and digital subtraction angiography (DSA). Construction of a useful vascular model from these data depends on scan properties, image processing techniques applied, tools used, and data structures designed to store the model. Image processing and modeling techniques include segmentation, centerline extraction, surface building, and vessel labeling.
Various applications have been developed for image processing, modeling, and 3D visualization of scans; however, they are not suitable for handling the human vasculature due to its intrinsic complexity and variability. To depict blood vessels, a maximum intensity projection (MIP) technique 16 can be used. Its advantage is speed; however, this method provides 2D projections of a 3D structure, which complicates understanding of the spatial relationship among different parts of vasculature due to overlapping vessels and limited ability to label and quantify them.
Another commonly used method for 3D visualization is the Marching Cubes 3 available in radiologic workstations. It extracts an iso-surface from volumetric images and yields a polygonal representation, which can be visualized interactively as most of 3D graphic cards are optimized for rendering polygonal models. This representation is useful to capture the shape; however, it has a number of disadvantages: (1) it does not utilize domain knowledge about vascular anatomy; (2) it is sensitive to artifacts and noise; (3) it does not facilitate the control of surface smoothness, and (4) it does not include topological information enabling vessel labeling and useful in building applications including vascular atlases and interventional radiology simulation.
Construction of an anatomically correct model from the input data relies on the quality of volumetric images. For example, a variable contrast and noise of 3D time-of-flight (TOF) slabs affect the quality of segmentation and may lead to the result where the vessels or their parts are hardly detectable, disconnected, and even unavailable for further analysis, as discussed in.
11 Moreover, the problem of detection and reconstruction of vessels with a lower than a 1-pixel diameter is generally very challenging.
Traditional approaches to the construction of 3D vascular systems rely on fully automatic techniques. However, these techniques fail to provide the desired accuracy due to several reasons. First, the scanned images have various types of noise. Second, the scanners have limited resolution. Third, segmentation and modeling techniques often fail to deliver the desired results due to a semantic gap between low-level features and actual objects, as discussed in.
11 Finally, the resulting models have limited usability, since they do not incorporate any topological and labeling information.
Building a 3D cerebrovascular model includes multiples steps, such as model construction and correction, separation of the veins from arteries, definition of vessel locations (i.e. left, right, or middle part of the brain), setting diameter, labeling and grouping the vessels into branches in accordance to a given terminology. Usually, all these steps are performed by experts.
In this paper, we propose to develop a vascular editor (VE) that offers a powerful yet user-friendly environment for interactive segmentation, modeling, editing, and visual assessment of the vascular system in 3D, its labeling, and model decomposition. It can be used in education, research, and clinical applications, for instance, to construct a complete model of vasculature and/or nerves or to facilitate interventional radiology and vascular surgery planning.
The VE provides an extensive functionality (in comparison to our previous efforts; 4 for such tasks as visualization and editing of the vascular model as well as labeling and grouping of vessels. It is empowered with various visualization views and several informational services discussed in the "Graphical User Interface" section.
Editing is an important step to ensure correctness of the constructed model and its consistency with the expert's knowledge. The VE provides a wide range of tools for centerline and radius editing described in the "Model Editing" section.
Labeling ensures adequate understanding of the model and enables searching and navigation of individual vessels, branches, and/or vessel groups. During the labeling process, the VE assists the user and employs nomenclature from the Terminologia Anatomica. 13 We discuss the functionality for labeling and grouping of vessels in the "Labeling and Grouping" section.
To support the above-listed functionality, we designed the VE architecture presented in the Vascular Editor Framework section and developed several descriptive data structures that incorporate information about scans, vessels, cross-sections, vessel surface, and terminology integrated with visualization as discussed in the "Data Structures" section.
METHODS
Our approach to vascular model construction combines automatic techniques, interactive model construction, and domain knowledge. It is done in the following steps:
Pre-segmentation of the original MR images and visual assessment of the segmented images. This segmentation can be done either manually or automatically (by using existing methods such as those of 17 or others discussed in 11, 12 ). In the latter case, care should be taken as the time necessary to check and correct the automatic segmentation may be much longer than that needed to do it directly interactively (see 11 ). In general, there is no single segmentation technique that generates ideal segmentation results for a wide range of images. Since the results of the existing segmentation techniques need to be corrected, we provide a tool for visual assessment of the model and interactive correction of the segmentation results. Segmentation techniques may be incorporated as add-ons into the VE to maintain the flexibility of architecture. Modeling of the vessels using a flexible user interface for interactive editing and reconstruction. This step generates description of the vascular system based on the cross-section data structures. Construction of the vessel surfaces based on the cross-section data structures and geometrical relationships.
Construction of the vessel hierarchy in accordance with the Terminologia Anatomica. Interactive construction of the vascular topology and labeling of vessels. Correlation of the vascular model with sectional and surface neuroanatomy. Incorporating this method and tools into the developed VE including its functionality, architecture, and user interface.
Functionality
The VE provides numerous functions to create and edit the 3D vascular model as well as to control its appearance, modes of visualization, registration, and manipulation. They include functions for: model creation (vessel tracking and calculation of centerpoints and diameters, grouping of the vessels into the branches); model editing (editing the centerline and radii, connection of the broken vessels, and creation of vessels smaller than 1 pixel); model tracking and grouping (search for neighboring vessels in a given vessel vicinity, separation of the arteries from veins, classification of vessels (left, right, midline)); appearance (lighting and shading for the vascular model, as well as brightness, contrast, and transparency for the slices); visualization [vascular model display, scan display (along with a scan and triplanar selection), visualization of the model in multiple modes (centerline, cross-sectional, or tubular (surface)], selective visualization based on different vessel properties and other parameters, visualization of 3D surface and 2D sectional neuroanatomy); registration (rigid model-scan registration and support to use multiple scans which can be warped non-rigidly offline); importing (e.g., anatomical models); and saving/exporting [the created and edited model can be saved as well as exported to other applications, e.g., the Cerefy Atlas of Cerebral Vasculature (CACV; 12 ]. More details about the VE functionality are provided below.
Model Construction
The construction of a vascular model of the human cerebrovasculature is addressed in detail in. 11 We assume that a vessel has the shape of a tube with either circular or elliptic cross-sections, where the radii and centerline change continuously. A cut of a cylindrical object by a plane forms conic profiles, in this case an ellipse. We use this feature to extract a centerline point from the cross-section of the vessel during the skeletonization of the vascular tree. 15 The obtained polyline is simplified to the smaller number of nodes by the DouglasPeucker algorithm. 2 The resulting points along the centerline are connected by Kochanek-Bartels cubic spline. 1 Finally, we find vessel cross-sections that are orthogonal to the spline and perform fitting of the ellipse to the cross-section boundary to find the radius of the vessel.
To smooth the radii of an artery, we utilize linear regression of the internal part of the vessel. 14 Similarly, we employ a method described in 15 to smooth the radii of veins. To reduce the influence of outliers and noise, we apply a cubic smoothing spline function that minimizes the following form:
where x( j) is the natural parameter (distance) of the centerline point j along the vessel skeleton and y( j) is the corresponding radius; parameter p was chosen 0.1. This choice of p facilitates a bias toward a straight line based on the least squares method to fit the data.
To check the correctness and to further improve geometrical properties of the resulting vascular model, it was projected back to the scan and matched at the corresponding diameters at selected locations, mostly at bifurcations. The diameter for the entire branch is calculated piecewise linearly and visually verified based on the scan. Finally, we constructed a tubular surface around the centerlineradius model and triangulated it. 14 The VE facilitates construction of either circular or elliptic profiles of vessels. The choice of either method can be done using the average error resulting from fitting the contour of the vessel's cross-section. Vascular geometry with elliptic cross-sections 15 is applied to improve modeling of certain parts of the venous vasculature such as the anterior part of the superior sagittal sinus.
Vascular Editor Framework
The VE provides control of the constructed 3D model at each stage of processing from the initial pre-segmentation to the construction of the final model to checking its correctness by mapping it on the scan triplanar to model exploration. Figures 1  and 2 summarize the framework and major functionality of the VE. The architecture of the VE is shown in Figure 1 with the main components of the graphical user interface (GUI), services and tools, and data structures.
A diagram of the overall VE functionality is presented in Figure 2 . It includes four main groups of functions: editing of the model, quantification of vessel parameters, labeling (using Terminologia Anatomica), and grouping vessels into branches. The Editing functions include editing of binarized images (2D Editing) and editing of geometrical properties of the 3D model (3D Editing). By applying the Quantification functions, the user defines the type of vessel (either vein or artery), its location (left, right, or middle part of the brain) and such parameters as the radius at a chosen point and centerline coordinates. During Labeling the user also defines the vessel name according to Terminologia Anatomica and groups the vessels into branches such as the middle cerebral artery (MCA), anterior cerebral artery (ACA), posterior cerebral artery (PCA), interior cerebral artery (ICA), basilar artery (BA), and vertebral artery (VA). Any updates made by the user are reflected instantly in the respective view to facilitate control.
Data Structures
The VE exploits multiple data structures such as slice, volumetric object, cross-section, vessel, surface, and vascular anatomy. The Slice data structure represents a brain slice (an image) in the axial direction. This data structure represents an original scan or binarized (segmented) slice. A set of the Slice data structures defines the Volume data structure. We utilize this data structure to describe the original scan slices and binarized slices after the segmentation process. The VE automatically reconstructs slices in the coronal and sagittal orientations.
The Cross-section data structure represents a vessel in the axial orientation via an inscribed circle. It contains 3D coordinates of the center of this circle and its radius. We utilize this structure to reconstruct the vessel. To calculate the data for all cross-sections, we employ our modeling technique 14 ,15 that performs two major steps. First, it represents a vessel as a sequence of cross-sections. Second, it generates unique identifiers for the vessels to connect them. In our framework, we relate vessels at bifurcation via local "parentchildren" relationships. The Vessel data structure is defined as a set of cross-section data structures. It has the following features: name (label), vessel type (artery, vein, or not identified yet), location, and a set of related vessels (parents and children).
The Surface data structure controls and supports correct visualization of the vascular system. It is also used for storing and visualizing the surface anatomy, in our case the left and right hemispheres and ventricular system in 3D polygonal representation.
The last type of the data structures is Anatomy and Terminology. This data structure includes the definition of the vascular anatomy as provided by the Terminologia Anatomica. It is used for the labeling of vessels and defines the vascular index.
Graphical User Interface
The GUI provides multiple views (Fig. 1 ) and numerous functions (Fig. 3) .
The 3D view is the main view. It provides visualization of the 3D vasculature, scan triplanar view (with the axial, coronal, and sagittal planes manipulated as a single 3D object), cortical and ventricular surfaces (providing surrounding neuroanatomy exported from other applications), and additionally the vascular surface generated by the Marching Cube algorithm (for comparison purposes). This view also shows the center lines and cross-sections. It displays the results of standard manipulation operations such as rotation, zooming, panning, and image scrolling.
The Tools view provides multiple tools for scan selection, vascular model selection (e.g., left, right, groups of vessels), cortical and ventricular model selection, triplanar blending, and vessel-scan rigid registration. The user can control blending of the segmented and original data. In addition to the vessel selection operations, the user may locate neighboring vessels by using topological and geometrical proximity criteria such as the number of levels (in the vascular hierarchical structure) or spatial vicinity.
The Model view serves to select a type of model (circular or elliptical) and radius setting by determining the starting and ending radii and the function governing the change between them.
The Axial, Coronal, and Sagittal 2D views display the orthogonal slices along with crosssections of vessels which belong to the currently displayed slices in the 3D view (as the triplanar). These views are useful during editing of segmented slices and changing locations and values of the radii. The pen tool enables segmentation and correction of the results.
The Vessel hierarchy view shows the (parentchildren) relationships of the vessels and facilitates their selection and editing.
The Vessel info view provides information on a selected vessel and its cross-sections such as vessel type (artery, vein, not defined), location (left, right, middle), and list of cross-sections with centerpoints and radii.
The Terminology view facilitates the vessels and group of vessels to be labeled according to the Terminologia Anatomica. It addition, it enables selection of individual vessels and any group of vessels in accordance to the vessel hierarchy for display.
In addition, on the top bar of the VE there are the File, Edit, View, 3D View, and Tools buttons, each providing a pull-down list of relevant functions.
Labeling and Grouping
Modeling of the vasculature does not provide any information about the vessel types and labels, while this information is required for adequate understanding of the vascular system and its topology. Vessel labeling is tedious, time consuming, and requires an expert user with relevant domain knowledge. The VE offers a flexible and interactive functionality to assist the user during the labeling process. It can be used to label vessels in two ways: (1) by assigning a name to an individual vessel; and (2) by using the vessels group selectors.
The VE labels vessels with one of three classes: unidentified (unlabeled yet), veins, and arteries. The user can also assign the name and location (left, right, or middle part of the brain) of a vessel. Figure 4 demonstrates annotation of vessels as a group to speed up the labeling process. Using this tool, the user can label a whole branch by assigning the label to each individual vessel within this branch.
To further simplify and speed up the annotation process, the VE provides several supporting tools. First, it facilitates visualization of the subsets of vessels that are queried by their type and/or location. For example, the user may request the visualization of "veins of the right hemisphere" or show "the nearest unlabeled vessels in the vicinity of the selected one," where the radius of this vicinity is defined interactively. This facilitates indepth analysis of the vascular system as well as offers a troubleshooting mechanism to correct faulty editing, such as a cross-section of a vein with an artery. Second, the VE facilitates visual- ization of all neighbors of a selected vessel based on a defined distance. This functionality supports the annotation process as it informs the user on the spatial context of a vessel. It also serves as a tool to verify the correctness of vessel intersections. Third, the Anatomy and Terminology tool uses a database based on the Terminologia Anatomica to assist the user during labeling. It also ensures that the user-provided annotations correspond to a widely known anatomical terminology. Fourth, the VE supports interactive visualization including selection of individual vessels and groups of vessels for display as well as transparency control for the surface anatomy correlated with vasculature.
RESULTS
The VE is implemented for the Microsoft Windows operating system. It is fully developed in house by our lab without any external libraries using the Microsoft Visual C++ ver.7.1 (with Microsoft Foundation Classes) and Open GL library ver. 2.0. The object-oriented programming approach gives a well-structured application and facilitates modular approach, where new functionality and objects can be easily added when required. The optimization of computational processes provides the best performance for visualization of the 3D graphics. The VE does not use any special features of the Graphical Processor Unit. Using such features gives a better rendering performance; however, it also increases the VE dependence on a graphic card used. Finally, the classes which encapsulate the objects presented in the VE and their behavior were compiled in redistributable libraries. This supports the use of these libraries in the future developments aiming at extension and enhancement of the VE.
Model Visualization
Several ways of the 3D model visualization have been developed. The VE provides visualization of the surface, center lines, or cross-sections of vessels. It is also possible to visualize the vasculature constructed by the Marching Cubes as shown in Figure 5 .
The user can switch between visualization of the arteries or veins. Having the vasculature in a form of groups, the user is able to display any of the predefined group like the ACA, MCA, PCA, ICA or select an arbitrary group from the terminology view. To visualize surrounding anatomy, the VE employs the triplanar views, hemispheres, and ventricles. This enables a position of an artery to be aligned to the corresponding sulcus as demonstrated in Figure 6 .
The VE automatically displays information about the highlighted vessel: its name, unique ID in the description file, radius at the cursor location, and direction of blood flow in the vessel. The orthogonal views are synchronized with the 3D view such that upon selection of a vessel's crosssection, it is highlighted in all orthogonal views as well as in the 3D view. This feature facilitates simultaneous visualization of the selected vessels in 2D and 3D (see Figures 3 and 4) .
Model Editing
The VE supports editing of 2D slices and the resulting 3D model during each stage of model construction and verification. It updates the model and displays the change in real time.
Editing of the 2D slices corrects the presegmented images and improves the quality of segmentation. To assist labeling, the VE supports visualizations of the original slices, segmented slices, and segmented slices blended interactively with the original slices. The user can further modify the segmented slices with a pen tool. To facilitate the editing process, the VE offers basic functionality to modify brightness, contrast, and transparency, perform linear filtering, histogram modification, and others. The user is also able to construct partially visible or hardly discernible vessels based on the scan(s) and his/hers domain knowledge. After completing editing, the user performs the recalculation of vessel center lines and the radii of cross-sections to update all data structures. This step results in the description file of the 3D model, which includes all the necessary information about the extracted vasculature. This file can be imported and used in various applications (like the CACV).
The 3D editing process (Fig. 7) facilitates editing of the spatial and geometrical properties of the vascular system. Usually, the initial model derived from segmentation has a large number of broken and/or missing vessels and erroneously defined cross-sections. The editor serves to eliminate such errors by: (1) modifying the locations and radii of the cross-sections; (2) adding and removing vessels and cross-sections; (3) merging and splitting vessels; and (4) connecting several vessels using the parent-children relationships. The user is able to view and edit any geometric parameters and topological properties of a vessel (Fig. 8) .
DISCUSSION
Processing and modeling of vasculature is demanding and challenging, particularly for the human cerebrovasculature with very small vessels. Therefore, suitable tools for this purpose are needed. The VE was created for this aim. It is able to process simultaneously multiple scans and build a 3D vascular model from them. The VE facilitates direct operations on the 3D model and images, and provides a pipeline of data processing from segmentation to the resulting 3D model. It performs image processing of multiple angiographic scans, editing, manipulation, and visualization of the vascular system; enables tracking, grouping, and labeling of vessels; establishes the correspondence among the surface (3D) and sectional (2D) vasculature and anatomy; provides registration; and enables model exploration. It is equipped with a set of useful functions to simplify visualization, editing, and labeling processes. It also supports importing of anatomical models and correlating them with vasculature.
This work and the resulting VE have some limitations. The current results are obtained for the cerebrovasculature, while we have not applied yet the VE to handle cardiovascular or peripheral vascular anatomies. Editing of radii is done on the orthogonal planes in contrast with doing it directly in 3D. The circular or elliptical modeling is still not sufficient to accurately model some parts of the vascular system, such as the cavernous sinus. Rigid body registration does not compensate for geometric distortions, particularly for 7 Tesla (T) scans. Though the VE runs on a standard PC, its optimal configuration is a high-end PC with three monitors because of its ability to handle multiple views and several 3D models and scans.
Some systems have been developed to handle angiography scans; however, to the best of our knowledge, there are no other existing systems that offer similar functionality as the VE does. We have developed earlier a tool for editing, manipulation, quantification, and labeling of cerebrovascular models. 4 However, this tool does not provide as powerful functionality as is available in the VE. The Vessel Measurement and Vessel Probe™ (Vital Images, http://www.vitalimages.com/) provides vessel segmentation, automatic centerline generation, automatic orthogonal cross-sections in 3D view, measurements of vessel parameters such as minimum and maximum diameters, length, and maximum tortuosity. This system is aimed at the abdominal and cardiac vascular anatomies, which are considerably simpler compared to the cerebral vasculature with the majority of vessels below 1 mm (see 11 ). The Vascular Modeling Toolkit (vmtk, http://villacamozzi.marionegri.it/~luca/ vmtk/doku.php) contains tools for centerline computation, identification of bifurcations, and 3D surface construction. However, this toolkit is quite limited as it does not support vascular model decomposition, grouping, labeling, and quantification of vessels. The VE is applicable in education, research, and clinical applications. The capabilities and usefulness of the VE were testbedded during the construction of the Cerefy Atlas of Cerebral Vasculature 12 from a high-resolution 3-T MRA scan. The smallest vessels reconstructed have diameters of 0.2 mm, while the MRA pixel size was 0.5 mm. The VE was also used to build the atlas of arterial variants. 8 Its editing capabilities enabled to create 60 arterial variants and incorporate them into the surrounding cerebrovasculature. The recent development is a construction of a new cerebrovascular atlas from multiple 7-T acquisitions. 9, 10 The challenge in this case is to track numerous very small vessels, the smallest of 100 µm. A cerebrovascular model created by means of the VE was used for estimation and presentation of blood flow and velocity in. 18 Another group of applications is simulation of interventional radiology and vascular surgery. The VE was integrated into our NeuroCath-an interventional neuroradiology simulator. 5 It allows building of a training dataset of customized vascular models with various topological and geometrical complexities. 6 In conclusion, the VE is a fully functional and interactive environment for experts to perform main routine tasks and specific editing operations that facilitate creation and manipulation of the 3D vascular model constructed from multimodal tomographic angiographic scans. To support labeling and grouping of vessels, the VE has a database as a backend to associate anatomical properties with the geometric model. It is useful in medical education as a tool for creating vascular systems along with their variations, in interventional radiology for building training models, and in vascular surgery planning to prepare a detailed model of vasculature in the region of interest. The VE is also potentially useful for building models of cranial nerves.
We are continuously enhancing the VE by extending its functionality, improving the performance, and optimizing the algorithms. We also plan to extend and customize it to support vascular surgery planning. The VE is not an open source or freeware and cannot be freely downloaded. This application is an intellectual property of our funding organization Agency for Science, Technology, and Research (ASTAR), Singapore. It is available for use and can be obtained from the technology transfer office of ASTAR.
